The primary structure of rat ( Rattus norvegicus ) 28 S rRNA 1s determined inferred from the sequence of cloned rDNA fragments. The rat 28 S rRNA contains 4802 nucleotides and has an estmated relative molecular mass ( M , Na-salt ) of 1.66 x 10 . Several regions of high sequence homoiogy with s.cerevislae 25 S rRNA are present. These regions can be folded in characteristic base-paired structures homologous to those proposed for saccharomyces and E.coll. The excess of about 1400 nucleotides in the rat 28 S rRNA ( as compared to saccharomyces 25 S rRNA ) is accounted for mainly by the presence of eight distinct G+C-rich segments of different length inserted within the regions of high sequence homology. The G+C content of the four Insertions, containing more than 200 nucleotides, is in the range of 78 to 85 percent. All G+C-rich segments appear to form strongly base-paired structures. The two largest G+C-r1ch segments ( about 760 and 560 nucleotides, respectively ) are located near the 5'-end and in the middle of the 28 S rRNA molecule. These two segments can be folded into long base-paired structures, corresponding to the ones observed previously by electron microscopy of partly denatured 28 S rRNA molecules.
INTRODUCTION
Ribosomal RNAs constitute the backbones in the building of the two ribosomal particles. Accordingly, determination of the primary and secondary structures of rRNA constitute an important step in the elucidation of r1bo-some structure and function. The L-rRNAs of the large ribosomal particles are of particular Interest since they are subject to considerable changes during evolution ( 1,2 ). Recently, the complete sequence of L-rRNA from E.coll and other prokaryotes was established ( 3,4 ) and plausible secondary structure models, proposed ( 4-7 ). The structure of cytoplasmic L-rRNA of eukaryotes is less understood. The primary structure of saccharomyces cerevlsiae ( 8 ), s.carisbergensis ( 9 ) and physarum poiycephaium ( 10 ) has been determined and a model for the secondary structure of yeast L-rRNA was deduced ( 9 ) . The sequence of L-rRNA from higher eukaryotes is still unexplored. Yet, it 1s known that a marked increase in size is characteristic of these L-rRNA, e.g. mammalian L-rRNA exceed by about 1500 nucleotides their counterpart in yeast ( 1 ). Earlier studies revealed that the difference may be due to the presence of large ( G+C )-rich segments 1n mammalian L-rRNA (11) (12) (13) (14) . It was shown also that these ( G+C )-rich segments resist denaturation treatments and may be visualized by electron microscopy at specific sites along the chain of the L-rRNA ( 15-18 ).
In the present work we report the complete sequence of the rat 28 S rRNA inferred from the sequence of the respective rDNA Included in a rat rDNA fragment cloned 1n a ACharon 4A vector ( 19 ) . A model for the secondary structure of rat 28 S rRNA is also presented and a comparison with the respective structures in yeast is carried out with special emphasis on the location and structure of ( G+C )-rich segments.
MATERIALS AND METHODS
The whole 28 S rRNA gene of the rat is included in the >Rr IV fragment cloned previously with the use of a Charon 4A vector ( 19 ) . Treatment with the restriction nucleases EcoR I and BamH I releases four rDNA fragments containing 28 S rDNA sequences. These rDNA fragments, ( Table 1 ) show that the G+C content of these GCS is in the range of 78 to 85 %, figures markedly higher than the G+C content of total 28 S rRNA. Further, although numerous rather long ( 10-20 nucleotides ) GC-stretches are common to all large GCS, single nucleotide ( G or C ) stretches longer than 9 nucleotides are not found.
The existence of numerous regions of sequence homology between rat and yeast L-rRNA prompted us to attempt the construction of a model for the secondary structure of rat 28 S rRNA. For the conserved regions 1n the rat 28 S rRNA the comparative approach to model construction ( 28,29 ) was followed with saccharomyces as reference ( 9 ) and with the models for E.COIL ( 4-7 ) as a background. We adopted the delineation of structural domains and the presentation given by Veldman ^t ^1_. ( 9 ) for the secondary structure of saccharomyces 25 S rRNA since it appears to be most closely related to the rat 28 S rRNA. Where possible, the numbering of concensus helices in E.coli The secondary structure domains I to VII correspond to those proposed for saccharomyces ( 9 ). The numbering ( italics ) is that for rat 28 S rRNA ( see Fig.2 ). Compensating base changes are denoted by *. The encircled numbers denote possible correspondance to concensus helices in E.coli ( 7 ). Domain II ( 432-1554 ) contains a conserved part ( Fig.4-B ) , corresponding to the homologous domain in yeast and GCS 1 ( F1g.4-C Table 1 ). Aside from the nucleotides forming the junctions to domain I via helix 19 and to the conserved part of domain II, the remaining 680 nucleotides in GCS 1 can be folded into three long helices ( £, b_ and £ 1n F1g.4-C ) Base-pairing in GCS 1 helices 1s enhanced by the asymmetry 1n the distribution of G and C along the polynucleotide chain ( Table 2 ). The size of the basepaired part of GCS 1 ( 680 nucleotides ) matches almost perfectly the size of this structure evaluated to 670 nucleotides by electron microscopy of partly denatured rat 28 S rRNA ( 17 ). A shorter middle base-paired loop is also detected upon electron microscopy of this rRNA ( 18 ). ( Fig.4-D Fig.4-G ) . The strongly conserved helices 54, 55, 58, 59, 60, 61 and 62 are present, but not confirmed by cbc. Several cbc confirm concensus helices 51 and 56 as well as a helix ( 51a ) proposed for saccharomyces ( 9 ). and encompassing nucleotides 2692-2726 in the rat. The large insertion next to this helix in yeast is totally replaced by GCS 6 characterized by its very high G+C content ( see Table 1 ). The majority of the nucleotides in GCS 6 can be folded into two double-stranded loops of unequal length ( ^ and ]) 1n F1g.4-G ) including 540 nucleotides. In this case too base-pairing is enhanced by the asymmetry in G and C distribution in helix ^ ( see Table 2 ). Electron microscopy of partly denatured rat 28 S rRNA also reveals the presence of two long loops unequal in length and encompassing about 560 nucleotides ( 17,18 ). A transition helix, analogous to helix 51a can be also formed at the junction of GCS 6 with the conserved part of domain V. Domain VI ( 3617-4301 ) is strongly conserved for considerable parts of its sequence ( Fig.4-H ). Concensus helices 63, 64, 78, 80 and 81 are strongly  conserved and devoid of cbc. Helices 65, 66, 68, 69, 70, 71, 72, 76, 77 and 79 are confirmed by several cbc_. The helix encompassing nucleotides 4023 to 4061 appears to be better supported by cbc than the two concensus helices ( 74 and 75 ) proposed for E.coli and yeast ( 7,9 ), but further evaluation seems appropriate. Two non-conserved ( G+C )-r1ch structures are present in domain VI. One corresponds to GCS 7 and replaces concensus helix 67 forming a large expansion, while the other ( 3818-3884 ) substitutes for a similar in length, but non-conserved, sequence in yeast ( 9 ) . Domain VII ( 4302-4802 ) 1s only moderately conserved ( Fig.4-1 ) . Concensus helices 82, 83, 84, 85 and 88 are confirmed by several cbc, although helix 88 seems to be markedly longer than Its counterpart 1n yeast ( 9 ) . Helix 87 is present, but 1n spite of several base substitutions no clear-cut cbc can be Identified and its stability is altered. The large GCS 8 encompassing 225 nucleotides ( see Table 1 ) substitutes for an "insertion" present at this site in yeast ( 9 ). The GCS 8 corresponds to the ( G+C )-rich fragment Identified previously at the 3'-terminus of mammalian 28 S rRNA by chemical-enzymatic methods ( 31 ). Folding into relatively strongly base-paired loops 1s possible, but remains to be ascertained by cbc.
Domain III ( 1555-2113 ) includes
The analysis of the primary and secondary structure of rat 28 S rRNA reveals the existence of a highly conserved backbone structure characteristic for all prokaryotic and eukaryotic L-rRNA. However, the appearance of large ( G+C )-rich segments, folded 1n strongly base-paired structures, appears to be favoured in the evolution of higher eukaryotes. It should be added that the tendency for an enrichment in G+C does not seem to be restricted to the formation of ( G+C )-rich segments. Thus, out of 48 unambiguously identified cbc in the comparison of yeast and rat L-rRNA, 67 % result in the substitution of A-U ( or U-A ) with G-C ( or C-G ) base-pairs. In summary, the enhanced stability of helical structures in vertebrate L-rRNA may be attributed to: ( a ) formation of expanded GCS at specific sites; ( b ) substitution of relatively long sequences by ( G+C )-rich sequences of similar size, and ( c ) the enrichment 1n G-C pairs of the conserved helices. The biological role of the higher stability of vertebrate L-rRNA remains to be elucidated.
